Abstract Low velocity barely visible impact damage (BVID) in laminated carbon composite structures has a major importance for aeronautical industries. This contribution leads with the development of finite element models to simulate the initiation and the propagation of internal damage inside a carbon composite structure due by a low velocity impact. Composite plates made from liquid resin infusion process (LRI) have been subjected to low energy impacts (around 25 J) using a drop weight machine. In the experimental procedure, the internal damage is evaluated using an infrared thermographic camera while the indentation depth of the face is measured by optical measurement technique. In a first time we developed a robust model using homogenised shells based on degenerated tri-dimensional brick elements and in a second time we decided to modelize the whole stacking sequence of homogeneous layers and cohesive interlaminar interfaces in order to compare and validate the obtained results. Both layer and interface damage initiation and propagation models based on the Hashin and the Benzeggagh-Kenane criteria have been used for the numerical simulations. Comparison of numerical results and experiments has shown the accuracy of the proposed models.
Introduction
Modern aerospace structures are using more and more composite materials because of their high specific mechanical properties (strength and stiffness) with regard to their specific weight mass. However, resistance of those structures in case of external solicitations such as Olivier Pantalé pantale@enit.fr 1 INP de Toulouse, ENI de Tarbes, Laboratoire Génie de Production, Université de Toulouse, avenue d'Azereix, B.P. 1629, 65016 Tarbes, France low velocity impacts can drastically reduce their mechanical properties, particularly in the case of thermoset matrix like the epoxy. Aeronautical structures are subjected during their lifetime to various impacts resulting of aleas such as dropped tools, handling accidents or hail impacts. Knowledge about damage initiation and propagation in layered carbon/epoxy structures, usually called Barely Visible Impact Damage (BVID) is therefore a major subject of interest for many years in aerospace industry. Such internal damage lead to significant reduction of the local strengths: matrix cracking [1] , splitting between fibres or internal delamination in case of bending stresses as reported by Abrate [2, 3] . The major problem is that this damage can be completely invisible when viewed from the external surface of the involved structure. It is therefore very important to detect this kind of damage and to be able to predict damage initiation and propagation using various techniques in order to predict the real residual lifetime of a structure under dynamic solicitations. The large number of publications available nowadays is an evidence of the interest of industrials and academics concerning this topic for many years.
In the first section of this paper, we present the BVID experiment and the experimental results obtained on the MTT drop weight machine. The first part concerns the presentation of the material and specimens, the second part the presentation of the experimental device and measuring techniques, and the last part the experimental results. The second section is dedicated to the presentation of the Finite Element Modelling of the BVID impact test. The first part is dedicated to the presentation of the damage models and the propagation criteria for the both parts: the layer and the interfacial part. Two different simulation models are then presented: the first one is based on the use of homogenised conventional shell elements with a reduced integration scheme while the second one models the whole stacking sequence of layers. A comparison and validation of both approaches is presented at the end of this section.
BVID Experiments and Results
BVID defaults resulting from low velocity impacts are the hidden menace for composite materials mainly because the resulting damage is not visible on the surface of the specimen. The aerospace industry uses laboratory drop weight machines to impact coupon size composite specimens and measure damage resulting from such experiments. Residual compressive strength measures of the coupon after impact usually done by a Compression After Impact test (CAI) is one of the major approach used to give an idea of the internal damage of the composite. Over the last twenty years, Non Destructive Testing (NTD) such as the Ultrasonic testing [4] or the Infrared Thermography [5] [6] [7] has been used to evaluate the internal damage resulting from a BVID.
They are many definition of low velocity or low energy impact due of the great number of parameters that should be study such as the velocity, the shape and the mass of the impactor [8] . For Olsson [9] , when the impact response is influenced by shear and flexural wave from boundary condition, this phenomenon is classified as low velocity impact. Sjöblom et al. [10] and Shivakumar et al. [11] have defined that the low energy impact can be considered as a quasi-static solicitation. According to those authors, the upper limit of the low velocity impact speed ranges from 1 to 10 m/s depending on the stiffness and the material of the impacted plate and on the mass of the impactor. The dynamical response of the structure depends therefore on the duration of the contact between the structure and the impactor. Cantwell and Morton [12] have proposed that every dynamic solicitation corresponding to an impact speed below 10 m/s to 20 m/s can be considered as a low velocity impact. On the other hand, Abrate [2] considers that the impact speed limit defining a low velocity impact is five to ten time greater than the one proposed by Cantwell and Morton (100 m/s). Liu et al. [13] and Joshi [14] are using a different approach based on the internal damage of the impacted structure. They postulate that a high velocity impact leads to fibres rupture whereas low velocity impact leads to internal delamination and matrix cracking. Cesari et al. [15] have analysed the influence of the impact on the residual strength limit using CAI tests. During their work, they studied the defaults generated by the impact and have shown the existence of a limit for the detection of those defaults by visual inspection. The kind of default generated at this limit, is so called the Barely Visible Impact Damage (BVID). In our case, the BVID is characterized by a small indentation of the front face of the specimen in the impact zone, around 0.3 mm, some matrix cracks and delamination and some fibres breakage or fibres splitting at the back face of the specimen.
Material and Specimens
The material used in this work is a carbon epoxy composite produced by the Liquid Resin Infusion process. A woven Satin 5 pattern called HexForce G0926 made from carbon fibers Tenax HTA40 combined to the HexFlow RTM6 epoxy thermoset resin has been selected for this application. The weight distribution of the carbon fabric is 50 % on both the warp and the weft directions and the nominal weight is 370 g/m 2 .
The lay-up of the specimen is
s for a total thickness of 4.44 mm. All specimens were controlled after production to ensure that the average rate of porosity is under 2.5 % in volume. The plate's dimensions are 150×100 mm 2 . All mechanical properties of the composite, carried out from tensile tests and ultrasonic measurements realized in a previous study, are reported in Table 1 .
Testing Device and Results
The specimens under investigation were damaged by a low velocity impact. The experimental device is composed of a MTT (Material Testing Technology) drop weight machine with a maximal capacity of 60 J as illustrated in Fig. 1 . The impactor is a φ = 16 mm hemispherical tap with a weight of m = 3 kg. The dropping height is h = 0.85 m leading to an impact energy of 25 J and an impact speed of V i = 4.1 m/s. The 25 J impact at the center of the specimen produced barely visible damages on the impacted specimen. In order to relax the major part of the internal stresses inside the matrix, a waiting time of 48 h before measurements have been chosen. The indentation of the front face of the specimen is measured by using optical systems from GOM Software. The Atos/Tritop softwares are used to digitize the central zone of the front face of the impacted specimen with a precision of 0.02 mm. Therefore, an indentation depth of 0.24 mm on the face has been measured. The internal damage is evaluated using an infrared thermographic camera (a FLIR MWIR Titanium camera with a thermal resolution of 20 mK) as presented in Garnier et al. [5] . Halogen lamps placed at 150 mm from the back face of the specimen are used to provide thermal sollicitation of the sample. The specimen is heated for 5 s and a Table 1 Mechanical properties of the G0926/RTM6 composite Young modulus E 1 = 67.9 GPa E 2 = 67.9 GPa E 3 = 12.1 GPa
Shear modulus
Poisson ratio ν 12 = 0.06 
Finite Element Modeling of BVID
Numerical simulation of composite materials has been developed since the 80's. Simulation of composite structures is based on a mesoscopic scale, i.e. in between the microscopic one corresponding to the base components of the material and the macroscopic scale corresponding to the global approach. The composite structure is therefore decomposed into a stacking sequence of homogeneous layers and cohesive interlaminar interfaces. Damage initiation and propagation criteria of both layers and cohesive interfaces are presented here after. 
Damage Models and Criteria
Cohesive interlanimar interfaces are used to transfer stress and strains from one layer to the next one inside the stacking sequence. They are introduced to modelize the separation of the consecutive layers thanks to a damage criterion as proposed by Allix et al. [16] . In the following formulations,σ ij will denote the effective stress, exponents () t and () c denote traction and compression respectively and indices () f and () m are used to refer fiber and matrice respectively.
Layer Damage Model
Many damage theories have been developed in the last past years. Most of these approaches are based on the works of Kachanov and Rabotnov [17, 18] . In commercial finite element codes the material is considered to be initialy undamaged and to follow an isotropic or orthotropic elastic behavior. As the stress increases in the structure, depending on the damage criterion, the initiation of the damage occurs. Therefore, the behaviour of the material is changed and a damage evolution criterion is added to the material behaviour and increases upto the final erosion of the element. The Hashin [19] criterion is widely used and considers four different damage initiation mechanisms as described here after. The initiation criteria have the following general forms:
-fibre tension σ 11 ≥ 0:
-fibre compression σ 11 < 0:
-matrix tension σ 22 ≥ 0:
-and matrix compression σ 22 < 0:
In the previous equations, X t and X c are the tensile and compressive strength in fiber direction, Y t and Y c are the tensile and compressive strength in transverse direction, S l and S t are the longitudinal and transverse shear strength respectively and α is a coefficient that determines the contribution of the shear stress to the fiber tensile initiation criterion. This later can be used to select the Hashin [19] model (α = 1) or the Hashin and Rotem [20] model (α = 0 and S t = Y c 2 ). The components of the effective stress tensor: σ 11 (stress in the fiber direction), σ 22 (stress in the transverse-to-the fiber direction) and σ 12 (in-plane shear stress) are evaluated through the following relation: 
Prior to any damage initiation and evolution inside the material, the initial conditions associated to the problem are the following ones:
An interfacial damage model, able to describe the mechanical behavior of the interfaces has to be included in the structural model. Usually, this kind of damage model is based on the use of cohesive elements, cohesive surfaces or springs as proposed for example by Camanho et al. [21] . Cohesive elements and cohesive surfaces are widely used to model the adhesive structure between two layers. Cohesive elements are well adapted to modelize glue joints while cohesive surfaces with a zero thickness are well adapted for delamination problems. The mechanical behaviour presents two phases: the initiation on the one hand and the propagation on the other hand.
Interface Damage Model
Initiation Criterion The initiation criterion is usually based on the measure of stresses or strains. In the proposed approach, damage is assumed to initiate when a quadratic interaction function involving the nominal stress ratios (as defined in the expression below) reaches a value of one. This criterion can be represented as:
where represents the Macaulay bracket (in this application: σ n = 1 2 (|σ n | + σ n )) with the usual interpretation, σ n is the normal nominal strain, σ s and σ t are the first and second shear directions. The Macaulay brackets are used to signify that a pure compressive deformation or stress state does not initiate damage.
Propagation Criterion Propagation criterion are used to describe the rate at which the material stiffness is degraded once the corresponding initiation criterion defined above is reached. Major part of those damage criterion are based on an energy criterion with a fuction of mode mix using either a tabular form or an analytical form. Jäger et al. [22] recently present a new finite element model to predict damage mechanism in laminate composite plates subjected to mode I, mode II and low velocity transverse impact where they use a power law analytical form of the energy-based damage evolution. In our case we decided to use the Benzeggagh-Kenane analytical form. We usually denote by G n , G s and G t the work done by the tractions and their conjugate relative displacements in the normal, first, and second shear directions, respectively. The Benzeggagh-Kenane fracture criterion [23] is particularly useful when the critical fracture energies during deformation purely along the first and the second shear directions are the same. It is given by:
with G S = G s + G t and G T = G n + G S , and η is a material parameter.
Numerical Simulation of BVID
Material properties and geometry of the specimen have already been presented in Section 2.1. The Hashin [20] damage criterion has been selected for our models as this one is already implemented in the Abaqus Explicit [24] FEM code used for the simulations. All the necessary material parameters concerning this damage criterion for the G0926/RTM6 composite are reported in Table 2 .
Numerical models involve an explicit integration scheme to simulate the impact for a total time period of 3.5 ms. This duration covers the whole impact problem. In our work we have decided to use two different approaches. In a first time we developed a robust model using homogeneized shells based on degenerated tri-dimensional brick elements. In a second time we decided to modelize the whole stacking sequence of homogeneous layers and cohesive interlaminar interfaces. Both models have been compared and validated concerning their performance and accuracy with regard to the experiments presented earlier in this paper.
As illustrated in Fig. 3 , the same kind of boundary conditions have been used for the two models: a restriction of the displacements u 1 = u 2 = u 3 = 0 for all nodes located along the lateral edges of the specimen in contact with the fixture base of the MTT drop weight machine. For this part of the specimen (Zone 1), we choose the size of the elements to be 5 × 5 mm 2 . The second partition (Zone 2) of the specimen (62.5 × 37.5 mm 2 ) has an element size of 2 × 2 mm 2 and the centre one (Zone 3, 25 × 25 mm 2 ) has an element size of 1 × 1 mm 2 . The impactor is modeled by an analytical rigid surface associated with a concentrated 3 kg additional mass and the impact velocity has been set to V i = 4.1 m/s for the impactor.
Structural Model
The first model developed in this study is based on the use of the Abaqus [24] Layup model with the S4R conventional shell element. This one is a 4 nodes quadrilateral conventional shell element with a reduced integration scheme (mandatory for an explicit integration scheme).
In order to see if the total energy of the system is constant during the computation, Fig. 4 reports the energies variation during the impact for the structural model. From this later we can see that the total energy (Kinetic Energy + Internal Energy + Hourglass Energy: E k +E i +E h ) is quasi constant during the impact with a value arround 25 J (i.e. the nominal Figure 4 shows that the maximum deflection z max = 2.86 mm is obtained for t m = 1.13 ms. We can see also that the artificial strain energy (Hourglass Energy) E h associated with constraints used to remove singular modes (hourglass control) remains very low during the impact. More important is the evolution of the energy dissipated by damage (Damage Energy) E d during the impact. This later has a zero value from the beginning of the impact up-to t 0 = 0.245 ms. Therefore, at t 0 = 0.245 ms the damage initiation criterion is reached and the damage propagation starts. This point corresponds to a divergence of Fig. 4 Energy variation during the impact for the structural model the recoverable strain energy E ε and the total strain energy (Internal Energy) E i enhancing the fact that: E i = E ε + E d . The damage energy increases up-to E d = 2.797 J between t 0 = 0.245 ms and t 1 = 1.12 ms, this period corresponds to the propagation of the damage inside of the structure as a consequence of the impact. Therefore, at t 1 = 1.12 ms the damage no longer increases and the final stationnary state has been reached. The analysis of the Hashin criteria allow to define the most critical damage process after the impact. This analysis has shown that the traction damage d t m inside the matrix is the most critical one for the BVID simulation. The explanation comes from the fact that the bottom layers of the specimen are subjected to the major traction strains resulting from the deflexion with regard to the impact, leading to some matrix fissuration due to the fact that this later enhances the lowest mechanical characteristics. Figure 5 shows a contour plot of the traction damage d t m inside of the matrix for the structural model at the end of the damage propagation period. In this figure, 454 elements have reached the maximal value for the damage variable and have been removed (white hole in the center of the specimen). As each element represent a surface of 1 mm 2 , this leads to a total eroded projected surface of 454 mm 2 . This value is very closed to the experimental measures presented in Section 2.2.
Physical Model
The second model developped in this study is a more physical approach, closed to the real build up layer. All 12 layers are modelized and linked one by one with a zero thickness cohesive surface. This kind of approach is more complex than the previous one, mainly because the setup of the model is not automatized and all have been done by hand in this study. A three-dimensional model is therefore constructed and the model includes both the layer and the interfacial damage models presented before. All layers are modelized using Abaqus SC8R continuum shell element. Cohesive surfaces are modelized using the Abaqus COH3D8 element of the standard library.
In this simulation, the total energy of the system is quasi constant during the computation, despite a variation of 2.45 % observed at the maximal deflexion time, as reported in Fig. 6 . Also very important, the artificial strain or Hourglass Energy remains very low during the simulation. Due to the high number of elements involved in the simulation, this second model is more sensitive to hourglass problems, therefore, some artificial strain energy have to be injected during the simulation. As Hourglass Energy is very low compared to the internal energy of the problem (less than 5 % at the end of the simulation [25] ), the proposed approach is validated. In Fig. 6 , we can see that, the maximal deflection z max = 3.26 mm of the specimen is obtained at t = 1.4 ms, therefore a little bit later than in the previous simulation. At this time, the damage energy increases up-to 1.04 J which is lower than the previous case. This also can be seen by the difference between the Internal Energy and the Strain Energy, during the calculation, which also is greater than in the previous simulation.
As in the previous analysis, Fig. 7 reports the contour plot of the final traction damage for the physical model. In this figure, 332 elements have reached their maximal Hashin matrix traction damage value which represent the surface of 332 mm 2 . In Fig. 8 are reported the contour plot of the final delaminated damage for the physical model. The total delaminated elements are 514 which represent the surface of 514 mm 2 . To plot the total damaged surface we may combine the two surfaces. We also remark that the first surface of 332 mm 2 is included in the second one. Then, the total projected damaged surface is 514 mm 2 . For a better understanding of the situation, Fig. 9 shows a three-dimensional representation of the damaged zone with only the cohesive interfaces represented. The number of erroded elements increases from one layer to another one from the impacted surface up-to the rear surface of the specimen, as usually observed in experimental impacts where the maximum defaults are located near the rear surface of the specimen.
Let's now have a closer focus on the damage energy which results from the addition of the layer damage energy and the cohesive interface damage energy. Figure 10 shows the evolution of the damage energies versus time on each zone which are seriously damaged. From this later, we can see that each damage energies has the same evolution during the time. Also we see that the damage energy of the cohesive zone E d Coh = 1.297 mJ at the end is lower than the damage energy of layers E d P lies = 1.178 J. But as seen earlier, the cohesive zone damaged elements are greater than those of the plies. It means that, the necessary energy to initiate the delamination is smaller than the one to initiate the Hashin matrixtraction damage. This can also be explain by the fact that the proportion of cohesive zone 
Models Comparison and Validation
As presented earlier, both models differ in their numerical results, while they present some similarities concerning the global behaviour of the specimen during the impact. In fact, both approaches are quite different, and the physical model presents a more realistic approach to the problem. In order to demonstrate the accuracy of both models, a comparison with the experimental results presented in Section 2.2 is given here after. A comparison of the computed damaged surfaces obtained with the numerical models and the experimental results presented in Section 2.2 shows that both models are in accordance. In fact, the experimentally measured damaged surface given in the previous section is more or less the minimal value because of the technology used for this investigation. This is not an absolute value because of the experimental protocol and the measurement errors. In fact, the difference given by both simulations can be considered inside of the error measurement.
Roughly speaking, the use of the structural model gives a lot of satisfaction because, on the one hand, the numerical results are quite good and on the other hand, the amount of work requested to set-up the model is limited because of its simplicity. Concerning the physical model, the amount of work to set-up the model is larger than the one for the structural model, but on the other hand, this model is able to deliver more informations concerning the geometry and the evolution of the damaged zone with time. The structural model is a quite simple and robust approach, giving relatively accurate results for the proposed application. The computational cost is very low and this kind of model is very useful for dimensioning the structure. But, on the other hand, this kind of approach doesn't allow taking into account some very important points for composite structures such as transverse delamination for example. The physical model allows taking into account this transverse delamination as it is physically included in the model proposed. Of course, one must identify the mechanical behaviour of the matrix and the cohesive damage initiation and propagation parameters in order to obtain accurate results, which needs more experiments. Computational cost is also greater with regard to the structural model, but the model is able to give more precise results such as delamination and interfacial ruptures. All phenomena occurring in composite structures such as traction and compression damage of both layer and matrix can be computed using this approach.
Conclusions and Future Developments
The first part of this paper concern a bibliographic study of the degradation of composite structures subjected to BVID. The BVID have been identified in terms of energy and damages, and as a consequence the experimental device used for testing and validation has been set-up. Two major degradations process have been selected and developed: the layer damage and the cohesive interfacial damage models. On those assumptions, two finite element models have been developed: a structural model consisting in a global homogenized approach of the problem and a physical model consisting in a precise description of the composite structure taking into account all the layers of the specimen. Numerical results have shown that the structural model allows obtaining quite accurate results concerning the size of the damaged area with regard to the Hashin damage criterion used in the model in a limited computational time within a relatively simple approach. Cohesive interfaces behaviour introduced in the physical model with the help of the Benzegaggh-Kenane criterion leads to a more sophisticated approach able to deliver more fine results such as the delamination of the layers and the three-dimensional geometry of the damaged volume resulting from the impact solicitation. Both results are in accordance with the experiments and can be considered as a first step in this kind of work.
